Abstract. Seed size has been advanced as a key factor that influences the dynamics of plant communities, but there are few empirical or theoretical predictions of how community dynamics progress based on seed size patterns. Information on the abundance of adults, seedlings, soil seed banks, seed rains, and the seed mass of 96 species was collected in alpine meadows of the Qinghai-Tibetan Plateau (China), which had different levels of grazing disturbance. The relationships between seed-mass-abundance patterns for adults, seedlings, the soil seed bank, and seed rain in the plant community were evaluated using regression models. Results showed that grazing levels affected the relationship between seed size and abundance properties of adult species, seedlings, and the soil seed bank, suggesting that there is a shift in seed-size-species-abundance relationships as a response to the grazing gradient. Grazing had no effect on the pattern of seed-size-seed-rain-abundance at four grazing levels. Grazing also had little effect on the pattern of seed-size-species-abundance and pattern of seed-size-soil-seed-bank-abundance in meadows with no grazing, light grazing, and moderate grazing), but there was a significant negative effect in meadows with heavy grazing. Grazing had little effect on the pattern of seed-size-seedling-abundance with no grazing, but had significant negative effects with light, moderate, and heavy grazing, and the jr j values increased with grazing levels. This indicated that increasing grazing pressure enhanced the advantage of smaller-seeded species in terms of the abundances of adult species, seedlings, and soil seed banks, whereas only the light grazing level promoted the seed rain abundance of larger-seeded species in the plant communities. This study suggests that grazing disturbances are favorable for increasing the species abundance for smaller-seeded species but not for the larger-seeded species in an alpine meadow community. Hence, there is a clear advantage of the smaller-seeded species over the larger-seeded species with increases in the grazing level.
INTRODUCTION
An understanding of vegetation dynamics is basic to the manipulation of plant communities (Niering 1987 , Rees et al. 2001 . Ecologists have long sought to understand how so many species can coexist in the same community (Shipley et al. 2006 , Laughlin et al. 2012 . Community maintenance and dynamics were a focal point in the last few decades for ecological research, which was mainly concerned with the determinants of plant life histories, species composition, diversity, productivity, and stability (Grubb 1977 , Tilman 1988 , Coomes and Grubb 2003 . The neutral theory assumes that all individuals of all species are functionally equivalent, i.e., individuals do not have species-specific traits influencing their fitness, longevity, movements or likelihood of speciation, and thus this theory predicts that any given species trait should be uncorrelated with its abundance in a community (Hubbell 2001) . Recent research on biodiversity and ecosystem functions gave a new impetus to understanding community ecological processes that focused on the effects of current environmental changes on species, in terms of species distributions and patterns of species diversity (Loreau 2010) . Ecologists sought general explanations for the dramatic variation in species abundances in space and time (Adler et al. 2014 ). An increasingly popular solution was to predict species distributions, dynamics, and responses to environmental change based on plant functional traits (McGill et al. 2006 , Shipley et al. 2006 , Cornwell and Ackerly 2009 , Laughlin et al. 2012 , especially seed size (Moles et al. 2007 , Adler et al. 2014 . Uriarte and Reeve (2003) combined considerations of ecological and evolutionary dynamics to investigate trait 5 Corresponding author. E-mail: shangzhh@lzu.edu.cn evolution and community assembly, with particular focus on the seed size of species within communities. A classic problem was addressed: the diversity of seed sizes among coexisting plant species. Differences in seed size among species are related to differences in seed production and seedling establishment and growth, with seed size underlying a trade-off between these traits (Muller-Landau 2003) . Some models were also expected to predict correlation between seed size and abundance in natural communities. One possible explanation is that the affected processes (e.g., seed production and seedling performance in the case of seed size) are particularly important for fitness (Coomes and Grubb 2003) , because seed size is a better phenomenological indicator of a strategy coordinated across functions and life stages (Adler et al. 2014 ). There is a positive correlation between seed mass and abundance in the absence of seed sowing (Levine and Rees 2002, Turnbull et al. 2005) . Many studies have reported that seed size has important evolutionary and ecological meaning within and among species. Seed size is a key factor influencing the dynamics of interspecific interactions and the mechanisms of coexistence in a plant community (Rees and Westoby 1997 , Rees et al. 2001 , Coomes and Grubb 2003 , Muller-Landau 2003 , Adler et al. 2014 . This is because seed size can significantly affect seed dispersal, seed germination, seedling emergence, survival, and plant morphologies, life histories, and physiologies (Rees et al. 2001 , Coomes and Grubb 2003 , Wu et al. 2013 , which are strongly correlated with plant abundances in many communities (Guo 2003 , Muller-Landau 2003 , Murray and Leishman 2003 , Eriksson 2005 , Fenner and Thompson 2005 . Larger seeds are assumed to have a higher probability of successful recruitment than smaller seeds. This is because larger seeds give rise to larger seedlings and larger seedlings better withstand environmental hazards such as deep shade and drought. The advantage of larger seeds in recruitment success is pronounced in deeply shaded habitats (Bruun and Brink 2008) . Seed size is discussed as an integrative topic when studying species diversity coexistence in plant communities, since different species with seed size can adjust their population growth rates to adapt to different resource availability and interspecific competition Grubb 2003, Muller-Landau 2003) . Leishman and Murray (2001) suggested that communities are dominated by the smaller-seeded species, which have good dispersal capacities in the early successional stages, but are dominated by the larger-seeded species, which have competitive superiority, in the later successional stages (Coomes et al. 2002) .
Therefore, seed size patterns should have great relevance to developing an understanding of vegetation dynamics and coexistence, and the functioning of the plant community. Additionally, disturbance has been defined as an important mechanism that facilitates the maintenance of species diversity in the plant community (Connell 1978, Kadmon and Benjamini 2006) . Disturbances in the form of different grazing levels have been shown to result in different offspring recruitment in alpine meadow communities (Wu et al. 2011) . However, to our knowledge, no previous study has empirically evaluated the relative importance of seed size patterns in plant community structure along a grazing gradient. In this study, we sought to use the current understanding of seed size variation to explain patterns in plant relative abundance along a grazing gradient. To understand the effects of the grazing level on seed size-abundance patterns and community dynamics, we examined the relationships between the seed size and species abundances of four life-history stages (adult, seedling, seed rain, and soil seed bank). The main objectives of the study were (1) to determine empirically the seed-sizespecies-abundance pattern in the community components of adults, seedlings, soil seed bank, and seed rain; (2) to explore whether grazing levels affected the seedsize-species-abundance pattern in a community; and (3) to study the responses of the seed-size-species-abundance pattern under different grazing levels in an alpine meadow community.
MATERIALS AND METHODS

Study site
A series of experiments and investigations were carried out in alpine meadows (Dawu, Qinghai Province; 33843 0 to 35816 0 N, 98848 0 to 100855 0 E) at a mean altitude of over 4000 m on the Qinghai-Tibetan Plateau, China. In the studied area, the climate is cold with long harsh winters and short cool summers. The annual mean precipitation is 542.1 mm, with most rainfall (445.0 mm) falling between May and September. The annual mean air temperature is À2.38C. The duration of sunshine in the growing season is 2450.8 h. The vegetation typifies alpine meadows, which consist mainly of arctic-alpine and Chinese Himalayan plants and are dominated by Kobresia tibetica swamp meadow, Stipa aliena meadow, Kobresia pygmaea meadow, and Kobresia capillifolia meadow. There are 20-30 vascular plant species per quadrat (0.25 m 2 ).
Experiment design and data collection
To evaluate the relationships between seed mass and species abundance of aboveground vegetation, seedlings, seed rain, and seed bank along a grazing gradient, four plots were set up in an alpine meadow, each plot having a different grazing level: UN, undisturbed with no grazing; LG, light grazing; MG, moderate grazing; and HG, heavy grazing (Table 1 ). The four studied plots had all undergone the same level of nomadic grazing by Tibetan sheep and yaks belonging to local herders in the last few decades. From 1995 onward, grazing tenure was implemented in this area and, as part of this process, some grasslands were fenced off with grazing exclusion under the government project ''Returning to Grassland by Eliminating Grazing.'' The undisturbed meadow plots with no grazing were set up in these fenced meadows. The other three grazing-level plots were set up on the sheep ranches of different families. They were all situated in freely grazed meadows but the grazing levels could be clearly defined by the known stocking rates based on the number of sheep per unit area (head/hm 2 ). Furthermore, the herders had maintained these stocking rates at a relatively stable level, with free grazing, during the 10 years prior to this study, and they were also maintained throughout the study. Grazing levels were determined based on the stocking rates according to the method of Wu et al. (2009) . The stocking rates of the meadows with light grazing, moderate grazing, and heavy grazing were 0.77, 1.29, and 1.81 head/hm 2 , respectively. Mean stocking rates, vegetation cover, and dominant species, and the soil water content, soil pH value, soil organic matter, and total nitrogen contents of the 0-20 cm soil layer in each meadow are given in Table 1 .
All the four plots were keep current grazing situations about 10 years. The grazing levels were keeping during our investigation periods. We calculated the stocking rates of four grazing disturbance gradients. Stocking rates were calculated by identified grassland area and the number of sheep units (head/hm 2 ). The unperturbed meadow with no grazing disturbance was fenced to exclude livestock grazing for 10 years. The stocking rates of the light-disturbance meadow, the medium-disturbance meadow, and the heavy-disturbance meadow were 0.77, 1.29, and 1.81 head/hm 2 , respectively. In this study, 15 fixed sampling quadrats (i.e., five quadrats [50 3 50 cm] in each of the three sampling plots [30 3 50 m], one per grazing level) were established for community investigations (adults and seedlings). An additional 15 sampling quadrats were set up, adjacent to the first 15 quadrats, thus creating 15 pairs of quadrats in all, for sampling the soil seed bank. All of the quadrats had the same orientation, and the same slope aspect and position. The sample citing was carried out according to the classification of grasslands in the study region (Ma et al. 2002 , Dong et al. 2005 , Shang 2006 ).
The whole study was conducted from April 2006 to December 2007. Community investigations were based on the same 15 fixed sampling quadrats (50 3 50 cm) throughout the study period. The new recruitment seedling numbers of each species were investigated monthly from June to August using the methods described by Welling and Laine (2000) , and preceded the adult individuals investigation. The numbers of adult individuals (for clonal adult species, a ramet was regarded as an individual) were measured for each species in each quadrat during the peak of the growing season in August 2006.
The soil seed banks were sampled using the remaining 15 fixed quadrats. Sampling was carried out at the beginning of March 2006, which was before seed germination began in order to assess the persistent portions of the seed banks. In each quadrat, 10 cores (5 cm diameter) from 0-15 cm depths were sampled at regular intervals across the quadrat (Baskin and Baskin 1998) . Seedling germination was assessed after first concentrating the samples by removing most of the soil (ter Heerdt et al. 1996) and keeping them in a refrigerator (temperature 48C) for 4 months. All the seed bank samples were refrigerated (temperature 48C) for 4 months. Seedling germination was then assessed after first concentrating the samples by removing most of the soil (ter Heerdt et al. 1996) . The seedling germination investigation was conducted under conditions of the naturally fluctuating temperature of the surface soil with constant water content according to local field conditions, which began in May 2007 and ended in September 2007. Five months after beginning the germination investigation, the remaining soil was removed by washing with water over a fine sieve and the remaining ungerminated seeds were counted. For each species, the mean sum of the number of germinated seedlings and the number of the residual seeds was its seed bank number in the soil.
Seed rain collection was based on the methods of Booth and Larson (1998) for samples collected at fixed locations within the plots from May 2007 until November 2007. In each sampling plot, 30 seed-catch implements (10 3 6 3 2 cm) were set up in an equidistant (1 m) arrangement (Aerts et al. 2006) .
Information about diversity and aboveground individuals, seedlings, seed rain, and the soil seed bank of each species were collected. The mean species abundance, seedling numbers, seed rain numbers, and soil seed bank numbers of each species in a given plot were calculated. A total of 96 species, occurring as 61 adult species, 56 seedling species, 56 soil seed bank species, and 48 seed rain species, were found in the surveys. Seeds of each species were collected from nearby sites when mature between the years 2006 and 2007. Seeds were air dried and kept in the laboratory. To estimate seed mass, seeds from the collections were pooled, eight samples consisting of 100 seeds for each species were weighed, and then the mean seed mass per seed for a species was calculated.
Statistical analyses
To avoid confusion, the species density, seedlings density, seed rain density, and soil seed bank density (numbers of individuals per sampling quadrat) were used as surrogates for the mean species abundance per square meter, mean number of seedlings per square meter, mean number of seeds in seed rain per square meter, and mean number of seeds in soil seed bank per square meter for each species as described by Guo (2003) and by Murray and Leishman (2003) . The relationships between seed mass and either species density, seedling density, seed rain density, or soil seed bank density were evaluated using linear regression. The differences in seed abundance data along the grazing gradients (or among grazing levels) were analyzed using ANCOVA, with the grazing levels as fixed factors and seed size as a covariate. Seed mass and abundance data were in all cases log 10 -transformed prior to these analyses. Statistical, regression, and ANOVA analyses, followed by a post hoc test to identify significant differences among the means of each factor at each grazing level, were carried out using SPSS 13.0 (SPSS, Chicago, Illinois, USA) software.
RESULTS
Species abundance and seed rain abundance did differ significantly either among grazing levels or seed sizes according to the ANCOVA (Table 2) . However, seed size had significant effects on seedling abundance (F 3,56 ¼ 7.437; P , 0.01) and on soil seed bank abundance (F 3,56 ¼ 8.965; P , 0.01), but grazing levels did not significantly affect them (Table 2) . Table 3 presents detailed information about the linear regressions. Neither the relationship between seed mass and species abundance nor that between seed mass and soil seed bank abundance were significant at grazing levels of no Note: All data were log-transformed. grazing, light grazing, and moderate grazing, but both relationships were significant, exhibiting a negative correlation, at the heavy grazing level. Seedling abundance followed a different pattern in that its relationship with seed mass was not significant at the no-grazing level, but was significant, exhibiting negative correlations, at levels of light grazing, moderate grazing, and heavy grazing; furthermore, the absolute determination coefficient jr j values increased with increasing levels of grazing. No significant relationship between seed mass and seed rain abundance at any grazing level was found (Table 3) , which indicated that grazing had no effect on the pattern of seed-size-seed-rain-abundance in this study.
The grazing level had significant effects on seed-massspecies-abundance patterns among the alpine meadow community components of adults, seedlings, the soil seed bank, and seed rain. Maximum species diversity occurred in aboveground vegetation and seed rain in the undisturbed meadow with no grazing, and in seedlings and in the soil seed bank under light grazing (Table 3) . With the increases in grazing pressure, the smallerseeded species had higher adult individual abundance, seedling recruitment abundance and soil seed bank abundance than the larger-seeded species. However, in the undisturbed meadow with no grazing, the opposite results were obtained (Fig. 1a-c) . Seed rain in the light grazing meadow exhibited larger-seeded species with higher abundance, while in the other three meadows with no grazing, moderate grazing, and heavy grazing levels, it was the smaller-seeded species that had the higher abundance (Fig. 1d) .
DISCUSSION
Our results suggested that grazing level affected the relationships between seed size and abundance properties of adult species, seedlings, and the soil seed bank, and that there was a shift in seed-size-species-abundance relationships as a response to the grazing levels in the studied alpine meadow communities. In the present study, we found that grazing level could alter the relationship between seed size and dominance for coexistent species within communities, which was consistent with the findings of a previous study (Wu et al. 2009 ). In the undisturbed meadow, seed size was positively related to both adult and seedling abundances. This result supported the concept that larger-seeded species would generally outcompete the smaller-seeded species Eriksson 2012, 2013) , as well as game theoretical models applied to maintenance of seed size diversity in general, irrespective of whether the mechanism behind the seed size effect was competition or stress tolerance (Rees and Westoby 1997) . This coexistence of multiple seed size strategies is usually explained by a mechanism driven by a tradeoff between stress tolerance and fecundity (Muller-Landau 2010) .
Another important result that we found was that all of the relationships between seed size and the plant community properties of the abundances of adult species, seedlings, and the soil seed bank at all grazing levels were negative except for that between seed size and seed rain abundance at the light grazing level. The larger-seeded species that were usually considered to exhibit greater germination rates and seedling survival, were found to have higher survival rates, accelerated germination timing, enhanced seedling growth, and larger individual biomass (Leishman and Westoby 1994 , Leishman et al. 2000 , Burmeier et al. 2010 , Wu et al. 2013 ). Lonnberg and Eriksson (2013) found that the larger seeds generally had an advantage over the smaller seeds in direct contests for perennial herbs growing under shade conditions in southeastern Sweden. There was also a positive effect of seed size on seedling recruitment (Lonnberg and Eriksson 2012) . However, the larger-seeded species were also subject to weaker dispersal and lower probability of escape from predation (Go`mez 2004) since the larger seeds and individuals with greater biomass were more convenient food sources for herbivores in grassland.
Our results indicated that light grazing levels increased seed rain abundance of the larger-seeded species. This can be explained by the light grazing level facilitating the loosing of seeds and dispersal availability of seed rains in the plant community, which was in accordance with the intermediate disturbance hypothesis that there exists a hump-shaped pattern between community diversity and disturbance (Connell 1978 , Catford et al. 2012 ). However, there was an increased Notes: n refers to the total number of species used in the analyses; P is the probability; and r is the determination. P values ,0.05 are shown in boldface type. Grazing levels are UN, undisturbed with no grazing; LG, light grazing; MG, moderate grazing; and HF, heavy grazing. probability that seeds would be eaten by animals at the higher grazing levels, especially the larger-seeded species. Conversely, the smaller-seeded species had a stronger, holistic, adaptive life-history strategy to grazing that gave them an advantage over the larger-seeded species in the alpine meadow community Grubb 2003, Fenner and Thompson 2005) . The smaller-seeded species produced larger numbers of seeds (Smith and Fretwell 1974) , especially when competing under conditions of reduced resources where the larger-seeded species tended to be eaten. The fitness of the smallerseeded species estimated by these components was significantly lower than the fitness of the larger-seeded species under grazing conditions.
Our results also suggested that the grazing level had a significant effect on the external and potential dynamics of community succession and made important contributions to observed seed-size-abundance patterns for adult, seedlings, the soil seed bank, and seed rain in the plant community. With increasing grazing intensity, the advantages of species density, biomass, and frequency were switched from the larger-seeded species to the smaller-seeded species within the community, which was consistent with the findings of a previous study (Wu et al. 2009 ). Grazing level significantly changed the species coexistence patterns based on seed size in the plant community. From the aspect of vegetation succession, the previous study of Wu et al. (2009) had predicted that communities in early successional stages were dominated by the smaller-seeded species with good dispersal capacities (Leishman and Murray 2001 , Coomes et al. 2002 , Mouquet et al. 2004 , Wu et al. 2011 . As succession progressed, communities were dominated by the larger-seeded species with competitive superiority (Leishman and Murray 2001 , Murray and Leishman 2003 , Murray et al. 2005 , which was consistent with our ) for different grazing levels in an alpine meadow: UN, undisturbed, no grazing; LG, light grazing; MG, moderate grazing; and HG, heavy grazing. Correlation coefficients are given in Table 3. results under the no grazing condition. The increased grazing pressure enhanced the advantage of the smallerseeded species for adults and seedlings and for soil seed bank abundances in plant communities. This also suggested that the smaller-seeded species had a stronger, holistic, adaptive life-history strategy to grazing disturbance that gave them an advantage over the largerseeded species in the alpine meadow community as mentioned above. Meanwhile, biotic and abiotic limitations to seedling growth and survival, and conversely availability of safe sites for recruitment, varied along environmental gradients and among habitat types (Bruun and Brink 2008) . All of these results indicated that the smaller-seeded species tended to become more dominant throughout the community (i.e., in terms of adult, seedling, seed bank, and seed rain densities) than the larger-seeded species with increasing grazing pressure.
In general, grazing disturbances were more favorable to species abundance increases for the smaller-seeded species than for the larger-seeded species in the alpine meadow community. This indicated that there was a clear advantage of the smaller-seeded species over the larger-seeded species with increasing levels of grazing. This study revealed the external (adult and seedlings abundances) and potential (soil seed bank and seed rain abundances) dynamics of community succession. The succession would undergo a change from a community dominated by the larger-seeded species to a community dominated by the smaller-seeded species with increasing levels of grazing.
CONCLUSION
The patterns of seed-size-species-abundance found in this study may contribute to a more general understanding of grazing effects on alpine grassland ecosystems, as well as to better-founded approaches in plant diversity conservation and grassland grazing management. Our results show that grazing levels affect the relationships between seed size and abundance properties of adult species, seedlings and the soil seed bank, and that there is a shift in seed-size-species-abundance relationships in response to grazing gradients. These suggest that increasing the grazing pressure enhances the competitive advantage of the smaller-seeded species for the abundances of adult species, seedlings, and the soil seed bank, but that only the light grazing level promoted the seed rain abundance of the larger-seeded species in the plant communities. In general, grazing disturbances favor species abundance increases for the smaller-seeded species than for the larger-seeded species in the alpine meadow community. This indicates that there was a clear advantage of the smaller-seeded species over the larger-seeded species with increasing levels of grazing.
